Extensive ab initio calculations have been performed to determine the energy, geometry and vibrational frequencies of all stationary points of the N 2 H 2 ground-state potential energy surface. The geometries of trans-, cis-and iso-minima as well as transition states are reported at the MCSCF/aug-cc-pVQZ level, while the relative energetics is established by single point MRCI/aug-cc-pVQZ calculations including the Davidson size-consistency correction. The data is useful for modeling a single-sheeted global potential energy surface for the title system.
Introduction
It is well known that gas phase hydrogenation of nitrogen can occur without a catalyst only under extreme conditions due to the high energy barriers involved, although a detailed reaction mechanism has not been established yet. It is also accepted [1] that the addition of the first hydrogen molecule to nitrogen is the rate-determining step of the nitrogen hydrogenation process leading to ammonia. Knowledge of an accurate global potential energy surface for N 2 H 2 is therefore a key step toward the understanding of the elementary reactions involved in such processes.
There have been several theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and experimental [14] [15] [16] [17] [18] [19] studies of the title system (a more complete list of earlier theoretical and experimental work is given in Refs. [3, 2] ). Some of these studies focused on the determination of accurate geometries, frequencies and relative stabilities of three local minima: trans-, cis-, and iso-N 2 H 2 [3, 7, [14] [15] [16] [17] [18] [19] 11, 10] . Moreover, there has been considerable theoretical work [2, 1, 9, 4, 8, 6, 5, 12, 13] on the determination of the barriers involved in the diimide isomerization or formation processes, often for testing the accuracy of theoretical methods that are used to study chemical reactions [13, 12, 4, 6] . All published work agrees on the structures of the above minima (trans-, cis-, and iso-) for N 2 H 2 , although the agreement for transition states (TSs) stands only for the TS associated to the trans-iso conversion. For the other TSs, discrepancies exist between the various theoretical results. In particular, for the trans-cis conversion, some papers predict both rotational and inversional reaction paths [2, 9, 8] while others infer it to occur by inversion [6, 12, 13] or rotation [1] only.
Regarding previous work on the potential energy surface of N 2 H 2 (considering also reaction paths for diazene formation), the most detailed studies have been performed by Jensen et al. [2] at the complete-active-space self-consistent field (CASSCF) level using a basis set of double-f quality and more recently by Hwang and Mebel [1] using G2M(MP2)//MP2/6-31G ** theory. The CASSCF calculations [2] predict three more transition states on the N 2 H 2 potential energy surface, in addition to the trans-cis and trans-iso isomerization processes. They are associated to the dissociative (N 2 H + H) transition state, a C 2v TS where both NH bonds are elongated in comparison to the cisminimum (obtained by walking along the symmetric stretching or bending coordinates from cis-N 2 H 2 ), and a TS for N 2 H 2 (isodiazene) formation from N 2 + H 2 . On the other hand, the G2M(MP2)//MP2/6-31G ** calculations of Hwang and Mebel [1] predict two transition states for diazene formation from hydrogen and nitrogen mole-cules leading to cis-and iso-N 2 H 2 , but only one (rotational) reaction path for trans-cis isomerization. Instead of the inversional path (reported by other studies performed at G2 level [6, 12] ), a transition state corresponding to trans-N 2 H 2 isomerization by in-plane scrambling of the hydrogen atoms is predicted. Moreover, there are significant discrepancies in the relative energies of several stationary points throughout the literature showing that the potential energy diagram and involved reaction pathways on the ground-state potential energy surface of N 2 H 2 are far from well established. This has been a major motivation for carrying out the systematic high level ab initio studies reported in the present work, which employ multireference approaches with extensive basis sets. In fact, our calculations provide also an accurate ground for ongoing work on modeling a global single-sheeted potential energy surface for the title system using double many-body expansion (DMBE; Ref. [20] , and references therein) theory.
The paper is organized as follows: Section 2 describes the ab initio calculations carried out in the present work, while the results are discussed in Section 3. The concluding remarks are in Section 4.
Ab initio calculations
All structures have been optimized at the multiconfiguration self-consistent field (MCSCF) [21] level using the full valence complete active space (FVCAS) [22] wave function as the reference. This involves 12 correlated electrons distributed over 10 active orbitals. For the basis set we have selected the aug-cc-pVXZ (X = D, T, Q) of Dunning [23, 24] (AVXZ) in order to establish an adequate level of theory for modeling the title potential energy surface. Geometry optimizations have been followed by harmonic frequency calculations to confirm the nature of the stationary points (minima and transition states of index one, i.e., having just one imaginary frequency). Reaction paths from all TSs have also been determined by using the Quadratic Steepest Descent (QSD) reaction path following procedure [25] . For all stationary points, single point calculations at the multireference configuration interaction (MRCI) [26] level have been performed in order to obtain accurate relative energies. Moreover, the Davidson [27] (+Q) and Pople [28] (P) size-consistency corrections have been applied. The energies have been subsequently corrected for zero-point energy (ZPE) based on MCSCF frequency calculations. All ab initio calculations employed the MOL-PRO [29] package.
Results and discussion
The geometries and harmonic frequencies of the trans-, cis-, and iso-N 2 H 2 minima calculated at the MCSCF/augcc-pVXZ (X = D, T, Q) levels are collected in Table 1 . Also given in this Table are the energies obtained from single point MRCI/aug-cc-pVXZ energy calculations including the Davidson size-consistency and zero-point energy cor-rections (from harmonic calculations at the corresponding MCSCF/AVXZ level). For all minima, there are several theoretical [1] [2] [3] and a few experimental [14, 16, 17] results that may serve for comparison purposes, and hence for establishing the level of theory that is required for subsequent studies of the N 2 H 2 potential energy surface. As the most accurate theoretical results reported thus far stand the benchmark calculations of Martin and Taylor [3] using the coupled-cluster, CCSD(T), method with extrapolation to the basis set limit and inclusion of inner-shell correlation effects and anharmonicity in the zero-point energy. We observe an important overall improvement in the calculated optimized geometries when going from AVDZ to AVTZ, with a further improvement of the basis set to AVQZ quality giving an even better agreement with the reference data [3] . For bond lengths the associated average discrepancies are 0.034, 0.022 and 0.021 a 0 for the AVDZ, AVTZ, and AVQZ basis sets (respectively), while the corresponding maximum deviations are 0.048, 0.034, and 0.033 a 0 . For the angles, the average discrepancy varies from more than 0.5°for the AVDZ basis set to 0.41°for AVTZ, and 0.36°for AVQZ. No significant improvement is observed for the frequencies. However, the maximum discrepancies do not exceed 150 cm À1 , and hence may be considered relatively small, especially having in mind that the effect of anharmonicity has not been included in the present work. In fact, the most important sign of having attained good accuracy refers to the energetics. Indeed, the MRCI + Q/AVTZ and MRCI + Q/AVQZ corrected for zero-point energies (ZPEs) from this work are shown to differ by less than 0.2 kcal mol À1 from the best theoretical estimates [3] , with slightly better agreement in case of the AVQZ basis set (average errors of 0.1 and 0.08 kcal mol À1 for AVTZ and AVQZ basis sets, respectively). We have also extrapolated the dynamical correlation energy to the basis set limit [30] , but observed no significant improvement in the relative energetics of the three minima. This seems to indicate that the energy calculations here reported are fairly well converged at the MRCI + Q/aug-cc-pVQZ level.
The accuracy of the calculations of the present work may further be assessed by comparing with the results of Hwang and Mebel [1] and Jensen et al. [2] which represent the most extensive studies of stationary points on the global potential energy surface of N 2 H 2 carried out thus far. In both studies [1, 2] the bond lengths are overestimated by up to 0.04 a 0 , and the frequencies by up to more than 300 cm À1 . As for the relative energies, the agreement with the best reported estimate [3] is of 0.5 kcal mol À1 in the case of Hwang and Mebel [1] , while the relative energies of Jensen et al. [2] for the cis and iso isomers are found to be overestimated by 1.47 kcal mol À1 and 10.47 kcal mol À1 , respectively. In turn, a comparison of the local minima of diazene reported in the present work with those from previous studies for the title system [1, 2] including the best theoretical estimates of Martin and Taylor [3] suggest that they may stand as accuracy tests for subsequent studies of other stationary points on the N 2 H 2 potential energy surface. Thus, our work suggests that geometries and vibrational frequencies of transition states from MCSCF/ aug-cc-pVQZ calculations, with the energetics determined from single point computations at the MRCI + Q/aug-cc-pVQZ level corrected for ZPE, provide the best theoretical estimates reported thus far for the N 2 H 2 system. For the TS calculations, we have considered all structures reported in literature as starting points for the symmetry unconstrained geometry optimizations at the MCSCF/AVQZ level. In the case of the TS3 of Jensen et al. [2] (C 2v structure with both NH bonds elongated in comparison to the cis-minimum), it leads to the dissociative (N 2 H + H) transition state TS6. When starting at the TSt-t of Hwang and Mebel [1] (C 2h structure with both NNH angles close to 180°), the transition state search carried out in the present work terminated at TS1. It should be added though that the actual structure has not been reported in Ref. [1] . Moreover, for all transition states, reaction path following calculations using the QSD [25] scheme have been performed at the MCSCF/aug-cc-pVQZ level, which were followed by single point MRCI + Q/augcc-pVQZ energy calculations at selected reaction steps. The reaction paths connecting trans-N 2 H 2 to the cis and iso isomers are shown in Fig. 1 , while the energy profiles for the N 2 H 2 formation from molecular hydrogen and nitrogen are shown in Fig. 2 . In turn, Fig. 3 relates to the dissociation-recombinations reaction paths via N 2 H + H (TS6). The potential energy scan for dissociation of a hydrogen atom from trans-, cis-, and iso-N 2 H 2 has been calculated at the MRCI + Q/aug-cc-pVQZ level of theory. These figures collect all the structures of minima and transition states of N 2 H 2 found in the present study, while Table 2 compares the transition states geometries, frequencies and relative energies with data from other theoretical works [1, 2, 13, 12] . There has been a dispute in the literature on whether the trans-cis isomerization occurs via one or two transition states connecting these structures (inversional-TS1 or rotational-TS2) or rather that all rearrangements within the N 2 H 2 system evolve through the dissociation-recombination pathway involving TS6. The first theoretical works (see Ref. [9] ) predicted the inversional mechanism to be favored over the rotational one, with the possibility of dissociative rearrangement having been excluded [9] based on the activation energies of related processes. More recent calculations using CASSCF [2] and G2M [1, 12, 6] methods predict very similar stabilities for TS1 and TS2, with TS2 being favored by less than 1 kcal mol À1 . Moreover, CASSCF calculations [2] predict TS6 to be significantly lower in energy than both TS1 and TS2, but recombination after dissociation has been ruled out due to the instability of the N 2 H radical. In this study, we have confirmed that multireference SCF calculations (see Table 3 ) predict TS6 to lie lowest in energy. However, when MRCI calculations are performed, TS6 is encountered to lie above both TS1 and TS2 by 10.15 kcal mol À1 and 6.25 kcal mol À1 , respectively. Moreover, our calculations predict the inversional barrier to be slightly lower than the rotational one, although their relative positions calculated at MRCI level differ by less than 5 kcal mol À1 . Note that TS2 has a high imaginary frequency, which may enhance the possibility of reaction via a tunneling mechanism through the rotational path. Thus, our results suggest that the dissociative reaction path can be ruled out for the trans-cis isomerization. Yet, because the N 2 H radical has been found to be a metastable species [31] [32] [33] , TS6 can be relevant in other recombination processes of N 2 H 2 .
For the trans-iso isomerization, all theoretical studies [1, 12, 6, 2, 9] reported only one transition state, namely TS3. Moreover, its energy has been predicted to be about 70 kcal mol À1 relative to the trans isomer, thus significantly above TS6. As a result, such an isomerization may most likely occur via a dissociation-recombination pathway.
For TS4 and TS5, it has been found that both structures are transition states of index one for the formation of N 2 H 2 from molecular nitrogen and hydrogen. The perpendicular approach leading to iso-N 2 H 2 via TS5 is favorable in comparison to the parallel approach leading to cis-N 2 H 2 via TS4. However, in both cases barriers of more than 120 kcal mol À1 relative to the N 2 + H 2 dissociation limit are involved.
As mentioned in the Introduction, this paper stands as a first step toward the modeling of a global DMBE potential energy surface for the title system from accurate ab initio calculations. Thus, energies of all stationary points of N 2 H 2 and possible dissociative limits have been calculated at different levels of theory, being collected in Table 3 along with the best theoretical and experimental estimates. As benchmark for the accuracy of relative energies stands the heat of formation of trans-N 2 H 2 (48.8 ± 0.5 kcal mol À1 ), recently established with good accuracy [19] . To compare with this experiment, theoretical thermochemical data should be used, although it has already been shown for the title system [10] that CI calculations are necessary to reach good agreement between computed and experimental enthalpies. In this work, instead of extremely expensive calculations of enthalpies at MRCI/aug-cc-pVQZ level that would be required for such a purpose, we compare the energies obtained from MCSCF and MRCI calculations subsequently corrected for zero-point energy by using frequencies at the MCSCF/aug-cc-pVQZ level. For the MRCI we consider also energies corrected for size-consistency according to the Pople [28] and David- 
Concluding remarks
We have investigated the potential energy surface of N 2 H 2 by using multireference approaches at FVCAS and MRCI levels with aug-cc-pVXZ (X = D, T, Q) basis sets. It has been shown that geometries and relative, ZPE corrected, energies of all local minima calculated at MRCI + Q/AVTZ or MRCI + Q/AVQZ levels agree well with the best theoretical estimates. For the barriers involved in the diimide isomerization, this work has confirmed the structures of three transitions states, associated to trans-cis(TS1,TS2) and trans-iso(TS3) pathways. The possibility of diazene rearrangement via dissociation of one of the hydrogens (TS6) has been ruled out for the former but should be considered for the latter. For N 2 H 2 formation from molecular nitrogen and hydrogen, the perpendicular approach leading to iso-N 2 H 2 via TS5 has been found to be favored over the parallel approach leading to cis-N 2 H 2 via TS4. Moreover, based on a comparison with the best reported theoretical [3] and experimental [14, 19] results, MRCI/aug-cc-pVQZ theory (and possibly the less expensive MRCI/aug-cc-pVTZ one at some regions of configurational space) with energies corrected using the Davidson scheme emerges as the recommended route for modeling the global N 2 H 2 potential energy surface. 
